Abstract. Bubble dynamics significantly affect the hydrodynamics of gas-solid fluidized bed since they influence the gas-solid mixing. In this study, simulations using CFD-DEM were carried out to characterize the bubble size and shape for a bubble formed at a single orifice in gas-solid fluidized bed. Impact of parameters such as jet velocity, orifice size and particle shape on bubble equivalent diameter and bubble aspect ratio were analysed and discussed. Bubble equivalent diameter was found to increase with increasing jet velocity, decreasing bed width to orifice width ratio, and particle shape deviating from spherical. The bubble shape illustrated by aspect ratio, was found to elongate more as it rise through the bed and then commence to expand horizontally after it was detached from the orifice. Aspect ratio was found to be closer to a circle for the bubble at higher jet velocity, lower orifice width to bed ratio and for non-spherical particles.
Introduction
Fluidization technology has been widely used in many industrial applications such as food, pharmaceuticals, energy and environment since they are associated with good heat and mass transfer. The flow behaviour in gassolid fluidized beds are very complex because of the fluidparticle and particle-particle interactions. Bubbles often exist in fluidized beds and are termed as "motor of fluidization" [1] . They govern hydrodynamics of fluidized beds, induce gas-solid mixing and promote heat and mass transfer [2] . Thus a good understanding of bubble formation at an orifice and its dynamics is essential to aid in design and development of gas-solid fluidized beds.
Various experimental studies have been carried out to portray bubble formation at an orifice [3] and to establish theoretical models [4, 5] . In recent years numerical techniques have been widely used to study gassolid fluidized beds and also have become a significant approach to characterize bubble behaviour. Numerical techniques for gas-solid systems can be either continuumor discrete-based with respect to the solid phase. The former is called two-fluid model (TFM), where both gas and solid phases are considered continuous and fully interpenetrating. The latter is referred as discrete element model (DEM) where particle phase is modelled as discrete phase and gas phase as continuous. Several authors have used TFM to study bubble formation at a single orifice and its dynamics [6, 7] . However, DEM simulations have advantage over TFM simulations because the solid phase is modelled much more accurately, in particular with respect to friction [8] [9] [10] . Olafe et al. [9] found that the bubble size and detachment times were sensitive to gas injection velocity, particle sizes and bed size. Rong et al.
[11] studied the influence of particle properties (size and density), jet velocity and bed width on bubble characteristics. These parameters were found to affect the bubble dynamics. However, effect of particle shape and orifice size which can influence the bubble dynamics has not been previously investigated.
In this study, CFD-DEM is used to study the bubble formation at a single orifice and depict its size and shape with respect to jet velocity, orifice size and particle shape.
Models and simulation conditions
In CFD-DEM, the solid phase is based on the DEM and gas phase is modelled as TFM. The governing equations for particle i with mass mi and moment of inertia Ii can be written as
where vi and Zi are the translational and angular velocities of the particle, respectively, and ki is the number of particles interacting with the particle. The forces involved are: particle fluid interaction force fpf,i, the gravitational force mig, and the inter-particle forces between the particles, which include elastic force fc,ij and viscous damping force fd,ij. The torques acting on particle i by particle j include: Mt,ij generated by the tangential force, Mr,ij commonly known as the rolling friction torque, and also the torque Mn,ij generated by the normal force when the normal force does not pass through the particle centre. The governing equations for gas phases are given as,
where u, ρf and p are the fluid velocity, density and pressure, respectively. Fpf is the volumetric particle-fluid interaction force in a computational CFD cell of volume, ∆V. τ and εf are the fluid viscous stress tensor and local porosity. For details regarding the governing equations and the equations to calculate the interaction forces and torques, refer to the literatures [12, 13] . The bed geometry used in this work is a slot model with periodic boundary conditions applied to the front and rear direction. For such a geometry, two-dimensional CFD and three dimensional DEM are employed as used elsewhere [12] . The bed is produced by generating particles randomly. Particles are generated randomly at different heights and allowed to come to rest to form a bed [13] . The bed is then fluidized by gas from central orifice at the bottom which is of size 4 CFD cells (0.001 m). Table 1 lists the parameters including the bed geometry, physical properties of particles and fluid used in the simulation. 
Results and discussion
In order to extract the bubble characteristics, bubble boundary has to be defined which was evaluated from the simulated void fraction data. The threshold void fraction was taken as 0.8, and the regions above H = 0.8 were defined as bubbles. Assuming bubbles to be two dimensional, the bubble equivalent diameter was defined as follows:
where A is the bubble area. The aspect ratio of a bubble describes the closeness of bubble shape to circle and is defined as:
where Dv and Dh represents the vertical and horizontal diameter through bubble centre respectively. . However, in this paper we do not intend to investigate the single bubble rise velocity but rather limit our investigation to the size and shape of the first bubble formed and the effect of several parameters such as jet velocity, orifice size and particle shape. Fig. 2 shows the effect of jet velocity on bubble equivalent diameter for the formation of the first bubble. The bubble size grows with time when it rises through the bed to a maximum value and then remains approximately constant. At the same time the bubbles formed for large velocity is larger. This result is consistent with the expression for bubble mass balance and literature results [3, 9] . Fig. 3 shows the calculated bubble aspect ratio during the bubble growth for different jet velocity. For all jet velocity, as the bubble rises through the bed it expands in the vertical direction thereby becomes more and more elongated. However, for lower jet velocity, the elongation is more significant and existing for long time. After the bubble is detached, the bubble stretches in the horizontal direction due to development of wake which results in the decrease of the aspect ratio. It can be established that for the higher velocity, the bubble tends to be more spherical when it is rising through the bed.
Influence of Jet velocity

Effect of orifice size
In order to assess the effect of orifice size on the bubble characteristics, the CFD cell size in the centre of 6 shows the effect of orifice size on the bubble aspect ratio at jet velocity of 0.1 m/s. As the bubble rises through the bed, the bubble aspect ratio keeps increasing, and indicates that the bubble is growing in the vertical direction. This is similar to previous case for all orifice sizes. But the shape of the bubble formed with increasing the size of the orifice or decreasing the bed width to orifice width ratio tend to be more spherical. Bubble formed after the detachment from the orifice for orifice size of 8 CFD cell was the closest to spherical with bubble aspect ratio of 1.25.
Effect of particle shape
To date, simulation studies related to the formation of bubble at single orifice are carried out with spherical particles. This cannot fully represent the reality since in practice the particles are mostly non-spherical, of either regular or irregular shapes [12] . Particle shape is one of the most important particle properties which can affect the flow dynamics and influence the size and shape of the bubble. To investigate the effect of particle shape, spheroids are considered, with its aspect ratio (AR) varying from 0.75 to 1.30. The aspect ratio of spheroids/ellipsoids is defined as the ratio of the polar to equatorial lengths. DEM study of ellipsoidal particles have been well developed [12] . In this study, bed of spheroid particles with AR of 0.75, 0.85, 1.15 and 1.30 were generated and then gas was injected at jet velocity of 0.1 m/s from the centre of the bed with orifice width of 4 CFD cells. Fig. 7 shows the effect of different particle shape (characterized by AR) on the bubble size. The bubble equivalent diameter is the smallest for spherical particles. As the AR deviates from 1 (either greater or smaller than 1), the size of the bubble increases. This might be because when the AR is deviating from 1, the particle-particle interaction and fluid drag becomes relatively weak. In addition, this can also be related to the effect of minimum fluidization velocity. Particles with lower minimum fluidization velocity have been shown to generate larger bubbles [7, 11] Table 1 ). Fig. 8 shows the effect of particle shape on bubble aspect ratio. It can be seen that the bubble aspect ratio grows in similar way for all the particles, however for ellipsoidal particles the decrease in aspect ratio is not as sharp as for the spherical particles. Bubble for particles deviating from AR = 1 tend to be closer to spherical than bubble for AR = 1. 
Conclusion
Formation of a bubble at a single orifice was investigated using CFD-DEM to study the bubble characteristics such as bubble equivalent diameter and bubble aspect ratio. Effect of different parameters such as jet velocity, orifice size and particle shape on bubble characteristics were explored. The bubble equivalent diameter which delineates the size of the bubble was found to increase with increasing jet velocity and orifice width. It was also found to be greater for the non-spherical particles whose aspect ratio was deviating from 1. The bubble aspect ratio was found to elongate in the vertical direction as the bubble rose through the bed, and it expanded in the horizontal direction when it was detached from the orifice. The bubbles for higher jet velocity, large orifice size and for non-spherical particles tend to be more spherical. Powders & Grains 2017 15026 (2017 ) 
